Due to its low cost and nontoxicity, LiMn 2 O 4 spinel has attracted wide attention as an intercalation cathode for rechargeable lithium batteries. [1] [2] [3] This phase is usually used within its 4 V plateau (the voltage being with respect to Li metal), since it shows significant capacity fade when cycled over both the 4 and 3 V plateaus. 1,2 The onset of a collective Jahn-Teller distortion and the consequent structural instability that occurs when Li x Mn 2 O 4 is discharged to an average Mn valence < 3.5 (i.e., when x > 1) is generally believed to be responsible for the rapid capacity loss when discharge reaches the 3 V plateau. 4,5 Even when LiMn 2 O 4 is cycled over only the 4 V plateau, a slow capacity fade is usually observed. 6,7 Efforts have been made to improve the cyclability by suppressing the Jahn-Teller distortion by replacing Mn by other ions, e.g., Li, Zn, Mg, etc. 6 Orthorhombic LiMnO 2 (space group Pmnm, hereafter referred to as o-LiMnO 2 ) shows better cyclability than LiMn 2 O 4 when both the 4 and 3 V plateaus are utilized. 8-16 X-ray diffraction (XRD) studies have verified an irreversible transformation to spinel-like structure during the first charge, [9] [10] [11] 17 consistent with the appearance of two plateaus at Ϸ4 and Ϸ3 V upon cycling. However, the mechanism by which the cyclability of o-LiMnO 2 is improved remains to be elucidated. XRD studies by Gummow et al. 10, 11 showed that the transformed material is a cubic spinel in the partially discharged state (Li 0.4 MnO 2 ). This is not surprising since at that concentration (x < 1) the spinel is expected to be cubic. Croguennec et al. 16 conducted XRD studies on o-LiMnO 2 discharged onto the 3 V plateau, with capacities of 130 to 165 mAh/g, and also observed a cubic spinel. This shows that the cubic phase can be retained to a Li concentration x > 1. At the observed capacities, full lithiation has not yet been reached, since the theoretical capacity is 285 mAh/g, assuming lithiation to a limiting composition of LiMnO 2 .
Due to its low cost and nontoxicity, LiMn 2 O 4 spinel has attracted wide attention as an intercalation cathode for rechargeable lithium batteries. [1] [2] [3] This phase is usually used within its 4 V plateau (the voltage being with respect to Li metal), since it shows significant capacity fade when cycled over both the 4 and 3 V plateaus. 1, 2 The onset of a collective Jahn-Teller distortion and the consequent structural instability that occurs when Li x Mn 2 O 4 is discharged to an average Mn valence < 3.5 (i.e., when x > 1) is generally believed to be responsible for the rapid capacity loss when discharge reaches the 3 V plateau. 4, 5 Even when LiMn 2 O 4 is cycled over only the 4 V plateau, a slow capacity fade is usually observed. 6, 7 Efforts have been made to improve the cyclability by suppressing the Jahn-Teller distortion by replacing Mn by other ions, e.g., Li, Zn, Mg, etc. 6 Orthorhombic LiMnO 2 (space group Pmnm, hereafter referred to as o-LiMnO 2 ) shows better cyclability than LiMn 2 O 4 when both the 4 and 3 V plateaus are utilized. [8] [9] [10] [11] [12] [13] [14] [15] [16] X-ray diffraction (XRD) studies have verified an irreversible transformation to spinel-like structure during the first charge, [9] [10] [11] 17 consistent with the appearance of two plateaus at Ϸ4 and Ϸ3 V upon cycling. However, the mechanism by which the cyclability of o-LiMnO 2 is improved remains to be elucidated. XRD studies by Gummow et al. 10, 11 showed that the transformed material is a cubic spinel in the partially discharged state (Li 0.4 MnO 2 ). This is not surprising since at that concentration (x < 1) the spinel is expected to be cubic. Croguennec et al. 16 conducted XRD studies on o-LiMnO 2 discharged onto the 3 V plateau, with capacities of 130 to 165 mAh/g, and also observed a cubic spinel. This shows that the cubic phase can be retained to a Li concentration x > 1. At the observed capacities, full lithiation has not yet been reached, since the theoretical capacity is 285 mAh/g, assuming lithiation to a limiting composition of LiMnO 2 .
Previous studies have also suggested that low-temperature synthesis is necessary to obtain a high capacity in o-LiMnO 2 . 10 Croguennec et al. 14, 16, 18, 19 proposed that the electrochemical performance of o-LiMnO 2 is improved by structural disorder between Li and Mn sites occurring in the form of monoclinic stacking faults (local regions of monoclinic order). The density of these faults was increased by low-temperature synthesis. Nonetheless, significant capacity fade is reported upon cycling over both the 4 and 3 V plateaus in low-temperature prepared o-LiMnO 2 , although it is less severe than in Li x Mn 2 O 4 spinels. o-LiMnO 2 synthesized at 300 to 450ЊC using ␥-MnOOH as a precursor was reported to have a capacity of 60 to 190 mAh/g during the first few cycles and capacity loss of 8 mAh/g per cycle at a current rate of 5.7 mA/g. 9 Koetschau et al. 12 reported that o-LiMnO 2 obtained at 100ЊC has a substantially worse cyclability when cycled over both the 4 and 3 V plateaus than over only one plateau, losing capacity on the 3 V plateau upon cycling. 12, 17 Shu et al. 15 reported that o-LiMnO 2 fired at 800 to 1000ЊC has an initial discharge capacity of 199 to 257 mAh/g between 1.0 and 4.4 V (1.78 to 3.56 mA/g rates), but did not show the subsequent cycling performance. This paper reports on two advances with respect to o-LiMnO 2 . First, contrary to conventional wisdom, we show that a highly ordered material prepared by a new high-temperature synthesis route yields excellent cyclability over both the 4 and 3 V plateaus. Second, by being able to achieve near-theoretical values of discharge capacity at low current densities (>95% of the theoretical limit based on Mn valence), we were able to study the structure of samples that are essentially completely lithiated (x Ϸ 2). Using transmission electron microscopy (TEM) and high-resolution electron microscopy (HREM) to observe directly the structure of the cycled oxides, we show for the first time that a unique, nanodomain structure is produced by the cycling-induced phase transformation. A model is presented that explains why a spinel produced by an electrochemical transformation is able to intercalate Li reversibly in the Jahn-Teller regime whereas a high-temperature annealed spinel is not.
Experimental
Mn 3 O 4 and LiOHиH 2 O (Alfa Aesar, 98%) were used as starting materials in this study. Mn 3 O 4 was prepared by a precipitation method 20 and dispersed with LiOH by a freeze-drying technique as detailed elsewhere. 21 The precursor powders were fired for 12 h at T ϭ 950ЊC, p O 2 ϭ 10 Ϫ6 atm. Oxygen partial pressure was controlled by flowing an argon/oxygen mixture. The oxide powders were characterized by TEM (200 kV JEOL 2000FX), HREM (200 kV Topcon 002B using double tilt sample holder), and XRD (Rigaku RTP500RC using Cu K␣ radiation).
For electrochemical testing, cathodes were prepared by mixing the oxide powders, carbon black (Cabot), graphite (TIMCAL America), and poly(vinylidene fluoride) (PVDF) (Aldrich) in the weight ratio of 70:15:5:10 using a procedure described elsewhere. 22 Components were compacted at 4 t/cm 2 pressure to form cathode pellets 15 to 20 mg in weight (weighed to <0.1 mg precision), 0.3 mm in thickness, and 1 cm 2 in cross-sectional area. Lithium ribbon of 0.75 mm thickness (Aldrich) was used as the anode. The separator was a film of Celgard 2400 TM . The electrolyte consisted of a 1 M solution of LiPF 6 in a 1:1 mixture (by volume) of ethylene carbonate (EC) and diethyl carbonate (DEC). All cell handling was performed in an argon-filled glove box. Charge-discharge studies were performed with Maccor automated test equipment (Series 4000). All electrochemical testing was conducted at room temperature.
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Cyclic voltammetry studies were carried out in a three-electrode cell with a Solartron 1286 potentiostat controlled by CorrWare running on a PC. Cyclic voltammograms were taken at a scan rate of 0.02 mV/s over the potential range in which no electrolytic decomposition occurs. An o-LiMnO 2 working electrode, 0.2 cm 2 in crosssectional area, was prepared. Lithium foil was used as the counter electrode with a cross-sectional area of 2 cm 2 , and lithium wire was used as the reference electrode.
After electrochemical cycling, XRD and TEM/HREM studies were performed on a composite cathode pellet that exhibited nearly the theoretical capacity upon discharge. The sample was examined at the end of discharge. In order to minimize exposure to moisture in air, the cell was disassembled in a glove box, and the electrode was hermetically sealed with a covering of tape through which XRD could be performed. Pieces of the cathode were ultrasonically deagglomerated and dispersed on an amorphous carbon film for TEM/HREM observation as described in Ref. 23 .
Results and Discussion The XRD pattern of the oxide powder after firing for 12 h at T ϭ 950ЊC, p O 2 = 10 Ϫ6 atm is shown in Fig. 1 . o-LiMnO 2 was obtained as the predominant phase with Li 2 MnO 3 as a minor phase. The hkl indexes indicated correspond to the space group Pmnm. It is notable that the full width at half maximum (fwhm) of the (011) peak at 2 ϭ 24.8Њ is 0.15Њ. Croguennec et al. 19 correlated the width of this peak with the density of monoclinic stacking faults occurring in o-LiMnO 2 . They obtained a capacity of 45 to 78 mAh/g from samples with 1% stacking faults at a C/15 current rate (corresponding to 3 to 5.2 mA/g based on the 20th discharge capacities reported in Ref. 16) , and 130 to 165 mAh/g from samples with 3% stacking faults (8.7 to 11 mA/g). Based on these results, they suggested that synthesis conditions should be directed toward creating the defective structure in order to obtain improved electrochemical performance. However, the width of 0.15Њ in Fig. 1 corresponds to Ϸ1% stacking faults according to their analysis, 19 indicating that the present material in this study has a well-ordered orthorhombic structure and should not show high capacity. The average particle size of the present material was determined to be Ϸ1 m by TEM as shown in Fig. 2 . Figures 3 and 4 show the first charge-discharge curve and corresponding differential capacity plot, measured between 2.0 and 4.4 V at 45.9 mA/g rate. The cell exhibits a single charging voltage plateau at 3.65 V, and has 147 mAh/g of first charge capacity, while the first discharge capacity is 42 mAh/g. The large capacity loss during the first cycle has been observed previously; Shu et al. 15 showed firstcycle capacity loss of 70 mAh/g at 0.7 mA/g rate and reported that the capacity loss increases as the charge-discharge rate increases. Figures 3 and 4 show that while Li is removed from o-LiMnO 2 over a plateau at 3.65 V during the first charge, Li insertion occurs mainly below 3.0 V during the first discharge, indicating that a structural transformation occurs during the first cycle.
With further cycling, voltage plateaus develop at Ϸ4 and Ϸ2.9 V, respectively, as shown in Fig. 5 and 6, indicative of Li intercalation on two different sites. This behavior is characteristic of the spinel phase Li x Mn 2 O 4 , in which Li is inserted into tetrahedral sites over the 4 V plateau corresponding to 0 < x Յ 1, and into the octahedral sites over the 3 V plateau corresponding to 1 < x Յ 2. 24 Notice that the 4 V plateau shows a two-step profile at 4.05 and 4.2 V during the charge and at 3.95 and 4.05 V during discharge. This is also observed in conventionally prepared Li x Mn 2 O 4 spinel. 24, 25 An additional differential capacity peak is seen at 3.8 V during charging, which has previously seen in LiMn 2 O 4 and Li 2 Mn 2 O 4 cycled over both 4 and 3 V plateaus, although its origin is unknown. 26 These results support previous reports that o-LiMnO 2 transforms to spinellike cation ordering during electrochemical cycling. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] It is also noteworthy that the 3 V plateau exhibits larger apparent polarization than the 4 V plateau, seen by the differences in voltage of the differential capacity peaks in Fig. 6 . An additional capacity of Ϸ15 mAh/g is seen below 2.5 V in the 10th discharge curve of Fig. 5 . The cyclic voltammogram in Fig. 7 clearly shows a reduction peak at Ϸ2 V, but this peak does not appear during oxidation. Interestingly, this additional capacity decreases with further cycling. It is possibly due to the formation of a Li-rich metastable phase. Formation of Li 2 MnO 2 in o-LiMnO 2 has been suggested previously, 15 and is observed in Li x Mn 2 O 4 (2 < x Յ 4). 24, 27 Note that the 2 V plateau is not correlated with high lithiation, since it occurs even when the delivered discharge capacity is only 70 mAh/g. If it is due to a highly lithiated metastable phase, the phase appears to form nonuniformly within the cathode. Previous TEM observations have shown that inhomogeneous reactions occur in typically formulated LiCoO 2 electrodes, 23 even within single oxide particles. Figure 8 shows the evolution of the charge and discharge capacities during cycling between 2.0 and 4.4 V at 45.9 mA/g. It is seen that the present material can be cycled over both the 4 and 3 V plateaus without significant capacity fade for >130 cycles, which is a remarkably different behavior from that of Li x Mn 2 O 4 spinels, in which the capacity decreases sharply with a few cycles into the 3 V region. 1, 2 While an initial drop in capacity to 36 mAh/g is observed over the first two cycles, the capacities increase progressively with further cycling and saturate after 40 cycles at Ϸ130 mAh/g. We attribute the progressive increase in capacity that occurs during the 
initial 40 cycles to the establishment of an increasingly ordered spinel upon cycling. As discussed by Gummow et al. 10 and Tang et al., 28 the transformation of o-LiMnO 2 to spinel structure requires displacement of 50% of the Mn ions to octahedral sites vacated by extraction of the Li ions, via neighboring tetrahedral sites within the cubic close-packed oxygen sublattice. During the initial transient in capacity it is likely that the cation ordering has not yet reached that of the LiMn 2 O 4 spinel structure; the ordering may be partly that of an inverse spinel. This interpretation is supported by an examination of the evolution of capacity on the two voltage plateaus with cycling. We separated the discharge capacity into a 4 V plateau capacity (between 3.4 and 4.4 V) and a 3 V plateau capacity (between 2.3 and 3.4 V) as shown in Fig. 9 . These voltage limits correspond to minimum values of the differential capacity ( | dC/dV | ) during discharge (Fig. 6 ) and clearly separate the voltage plateaus. The ratio of 3 V capacity to 4 V capacity is plotted in Fig. 10 . Note that the 3 V capacity is higher than the 4 V capacity during the initial 40 cycles (Fig. 9) , indicating that Li ions are preferentially inserted into the octahedral sites over the tetrahedral sites. Limited insertion of the Li ions into the tetrahedral sites is consistent with partial occupation of these sites by Mn ions. If upon further cycling the Mn ions are increasingly ordered on the spinel octahedral sites (16d), the 3 V capacity should then decrease relative to the 4 V capacity, which we observe (Fig. 10) . Note that, after the total capacity has saturated, the 3 V capacity fades slowly (Fig. 9 ). Kötschau and Dahn also reported that cycled oLiMnO 2 exhibits capacity fade primarily on the 3 V plateau. 17 The capacity loss rate in the present material is significantly less than that of Ref. 17 (0.05 mAh/g per cycle vs. Ϸ1.4 mAh/g per cycle).
Charge-discharge tests were conducted at various current densities. A fresh cell was cycled 41 times at 33.3 mA/g rate, followed by two cycles at 8.33 mA/g and several cycles at 3.33 mA/g between 2.0 and 4.4 V. Figure 11 shows the discharge capacities thus obtained. At 33.3 mA/g rate, the capacity reaches a steady-state value of ca. 130 mAh/g after about 30 cycles. With decreasing current density, the capacity and energy density increase as shown in Fig. 11 and 12. At 3.33 mA/g, a discharge capacity of 272 mAh/g (95% of the theoretical capacity of LiMnO 2 ) and an energy density of 853 Wh/kg were obtained, which are the highest values reported to date in a crystalline Li-Mn-O system. A capacity of Ϸ30 mAh/g occurs below 2.5 V at the current rates of 8.33 and 3.33 mA/g. Figure 13 compares the differential capacity plots obtained at 33.3 and 8.33 mA/g rates. The polarization decreases as the current rate decreases, as is expected. Interestingly, the position of the oxidation peak marked A in Fig. 13 shows a greater voltage shift than the other peaks, decreas- ing from 3.8 to 3.7 V as the current rate decreases from 33.3 to 8.33 mA/g. The origin of the peak and its current-density dependence are not yet understood.
Previous structural studies on cycled o-LiMnO 2 electrodes were limited to materials of lower capacity and higher cycling fade than the present samples. [10] [11] [12] 16, 17 We conducted X-ray diffraction on the composite cathode of the cell used in Fig. 11 after 51 cycles. For the last eight cycles, the cell was cycled at 3.33 mA/g rate between 2.0 and 4.4 V. Since in the charged state the Li concentration of the oxide cannot be less than zero, that is, the compound can at most be delithiated to a composition MnO 2 , the measured discharge capacity indicates that the material was discharged to a composition Li x Mn 2 O 4 where x Ն 1.9. That is, the overall composition is very nearly that of the tetragonal spinel Li 2 Mn 2 O 4 . However, the strong diffraction peaks at 2 ϭ 44Њ [indexed as (400) 2 27 is not detected. The broad and high background at low angles is due to the amorphous components of the composite electrode and the sealing tape.
The XRD pattern shows very broad diffraction lines, which can be attributed to small crystallite size and/or lattice strain in the electrode oxide after cycling. The separation of size and strain broadening is possible because strain broadening scales with the reciprocal space variable s (s ϭ 2sin/) while size broadening is independent of s. 29 When both size and strain broadening are present, it is necessary to make an assumption as to the shapes of the two contributing line profiles in order to quantify the individual contributions. We considered three models: Cauchy/Cauchy, Gaussian/Gaussian, and Cauchy/Gaussian for the size/strain broadening functions, respectively. 29 The results corresponding to each assumption are shown in Table I and are relatively insensitive to the assumed line profiles. From this analysis, the crystallite size is determined to be <50 nm, and the lattice strain on the order of 1%. Note that the original particles were Ϸ1 m in size and appeared from XRD to be strain free before electrochemical cycling, as shown in Fig. 1 and 2 . Clearly, the small crystallite size and strain developed during cycling.
In order to understand better the structure of the cycled oxide, we performed direct observations by TEM and HREM on the same electrode sample as was studied by XRD. Figure 15 shows a typical TEM image of the cycled particles and the corresponding selected area diffraction (SAD) pattern. Observation of 20 particles gave the same SAD pattern, indicating that Fig. 15 is representative of the major phase after cycling. This pattern shows a cubic spinel, consis- Table I 24 These results show that the spinel produced by electrochemical cycling of o-LiMnO 2 has a clearly distinct cation ordering compared to high-temperature synthesized Li x Mn 2 O 4 spinel. While previous studies suggested that o-LiMnO 2 transforms to a spinel-"like" structure that is not the same as ideal Li x Mn 2 O 4 spinel, [8] [9] [10] [11] [12] [13] [14] [15] [16] the details of the structural differences were not clear.
HREM observations furthermore revealed the presence of a nanodomain structure within the particles, appearing as mosaic patterns of 20 to 50 nm width with very fine strain contours. This fine scale microstructure is seen in Fig. 16 . A high-resolution image of such domains is shown in Fig. 17 . The boundary between two adjacent domains is marked by the facing arrows. The SAD pattern from the upper domain shows a cubic spinel structure with {220} reflections, indicating tetrahedral site occupancy, while the lower domain shows a superlattice diffraction pattern with twice the periodicity of cubic spinel. The contrast in the lattice image and the reflections in the diffraction patterns indicate that the two domains are slightly misoriented. However, many features in the two patterns are parallel, and the overall particle morphology is uninterrupted, showing that the domains originated from the same single crystal, and that overall single crystallinity is retained during the cycling-induced transformation. Other particles showed similar features.
The length scale of the nanodomain structure is in good agreement with the size broadening determined from the XRD pattern, being in the range of 20-50 nm. The strain broadening may result from an inhibited transformation to tetragonal spinel, or from Li concentration variation within the particles. The detailed structure of the superlattice domain is not yet understood. In addition to the structural differences, each domain may also have a different Li content. The widespread occurrence of nanodomains in each observed particle strongly suggests that their formation is closely related to cycling stability.
We have also observed this kind of nanodomain structure in cycled orthorhombic and monoclinic LiAl y Mn 1Ϫy O 2 . 31 In that work a mechanism was proposed by which the orthorhombic and monoclinic polymorphs of LiMnO 2 are able to undergo a cycling-induced transformation to spinel ordering without suffering the mechanically destructive aspects of a collective Jahn-Teller distortion. In brief, the massive reordering of Mn ions necessary to transform the crystal from the orthorhombic or monoclinic phases to spinel can occur nonuniformly within the crystal during electrochemical cycling, and is the cause of nanodomain formation. In contrast, high-temperature synthesized LiMn 2 O 4 has perfect spinel ordering of Mn throughout the crystal from the beginning, and cycling does not change this ordering. When nanodomains are present, they can differ in the relative stability of the tetragonal vs. cubic phase or even in the preferred direction of the Jahn-Teller distortion. Interference between nanodomains thereby prevents a collective overall distortion from propagating throughout a crystalline particle. The relatively high level of strain broadening observed in the present samples is consistent with this model. Mixing of the Mn ions among cation sites can also contribute to the suppression of the collective Jahn-Teller distortion.
Further studies using HREM are expected to clarify additional details of the structure of partially transformed materials. However, the present results clearly show that spinel produced by the electrochemical cycling of o-LiMnO 2 differs in both cation ordering and microstructure from conventional Li x Mn 2 O 4 spinel. Conclusions A high-charge-capacity orthorhombic LiMnO 2 has been synthesized by high temperature firing of homogeneous precursors in a reduced oxygen partial pressure atmosphere. When cycled over both the 4 and 3 V plateaus, no significant capacity fade was seen up to 130 cycles, unlike conventional Li x Mn 2 O 4 spinel, even though the characteristic electrochemical profile of the spinel was observed. During an initial transient in capacity, the 3 V capacity is larger than the 4 V capacity, indicating cation disorder in the spinel structure. X-ray diffraction and electron microscopy revealed the presence of a cubic spinel in the fully lithiated state containing tetrahedral site occupancy, and a nanodomain structure. It is proposed that the collective Jahn-Teller transformation to tetragonal spinel is suppressed by cation disorder and the formation of nanodomains differing from one another in cation ordering and/or composition within individual oxide particles. At low charge/discharge rates (3.33 mA/g) a discharge capacity of 272 mAh/g (95% of the theoretical value) and an energy density of 853 Wh/kg were obtained in this material, representing the highest values yet achieved in crystalline LiMnO 2 . Figure 17 . HREM image and corresponding SAD patterns of two adjacent nanodomains formed in a single crystalline oxide particle after cycling. The facing arrows indicate the boundary between two adjacent domains.
